ABSTRACT: Piscirickettsiosis or salmonid rickettsial septicaemia (SRS) caused by Piscirickettsia salmonis constitutes one of the main problems in farmed salmonid and marine fishes. Since the first reports of the disease, it has been successfully isolated and maintained in eukaryotic cellculture systems, but these systems are time-consuming, the media are costly, and eliminating heavily contaminated host cell debris is difficult. In this report, we describe a marine-based broth supplemented with L-cysteine, named AUSTRAL-SRS broth, that facilitates superior growth of P. salmonis strains. Strains reached an optical density of approximately 1.8 when absorbance was measured at 600 nm after 6 d incubation at 18°C. Several passages (n = 6) did not alter the culture kinetics. We report for the first time the purification of DNA, lipopolysaccharide (LPS) and whole membrane protein obtained from P. salmonis grown in this liquid medium, and thus provide a suitable platform to simplify the preparation of P. salmonis cells for genetic and serological studies. Moreover, the results of the cytopathic effect test showed that P. salmonis grown in AUSTRAL-SRS broth maintained their virulence properties, inducing apoptosis after 3 d. This makes the medium a good candidate for the successful growth of P. salmonis and an excellent basis for the development of low cost vaccines.
INTRODUCTION
Piscirickettsiosis or salmonid rickettsial septicaemia (SRS) caused by Piscirickettsia salmonis constitutes one of the main problems in farmed salmonid and marine fishes (see reviews by Almendras & Fuen tealba 1997 , Mauel & Miller 2002 , Fryer & Hedrick 2003 . This fastidious pathogen was initially ob served in southern Chile in 1989 (Bravo & Campos 1989 , Branson & Diaz-Muñoz 1991 , Cvitanich et al. 1991 , followed by observations in western Canada (Brocklebank et al. 1992) , Ireland (Rodger & Drinan 1993) , Scotland (Grant et al. 1996) , Norway (Olsen et al. 1997) , eastern Canada (Cusack et al. 2002) and southern California, USA (Arkush et al. 2005) .
The disease is preliminarily diagnosed by the clinical signs of the affected fish, which usually show a systemic infection targeted to the kidney, liver, spleen, brain, intestine, ovary and gills of the fish (Cvitanich et al. 1991 , Garcés et al. 1991 . Normally, infected samples are subjected to microscopic and histological observation , but this diagnosis must be confirmed by the isolation of Piscirickettsia salmonis from tissues cultured within fish cell lines in vitro (Fryer et al. 1990 ), followed by immunohistochemistry, polymerase chain reaction on DNA extracted from infected tissues, or by subjecting cell-cultured bacteria to a specific fluorescent antibody test identification (OIE 2006) . The use of agar media is an alternative that shows potential and would relieve facilities of the cost of maintaining cell lines as these are time-consuming and costly, and it would eliminate heavily contaminated host cell debris. The use of specific enriched sheep blood agar prepared with cysteine has been developed for the cultivation of P. salmonis strains (Mauel et al. 2008 . Growth on solid media usually takes from 4 to 6 d for visible colonies to appear, but these are often poorly defined, leading to inaccuracies in estimations of the bacterial concentration.
During the development of a solid medium, Mikalsen et al. (2008) employed cysteine heart broth, with or without 5% sheep blood, in order to study the growth of one Piscirickettsia salmonis isolate, but these authors did not detail the rates and overall levels of growth in broth. Here we describe a marine broth medium supplemented with L-cysteine, named AUS-TRAL-SRS broth, that facilitates growth of P. salmonis strains. This broth should make it possible to culture strains needed to determine the minimum inhibitory concentration of drugs and to prepare cells for the development of low-cost vaccines for protection against piscirickettsiosis.
MATERIALS AND METHODS

Bacterial strains
Two Piscirickettsia salmonis isolates (PPT-05 and PPT-15) recovered in 2008 from diseased farmed rainbow trout Oncorhynchus mykiss in Chile were used to test the liquid culture media. The type strain P. salmonis ATCC VR-1361 (equivalent to LF-89) originally obtained from coho salmon O. kisutch was included for comparative purposes and was obtained from the American Type Culture Collection (ATCC). All bacterial strains were confirmed as P. salmonis using PCR-based analysis described by Marshall et al. (1998) and also by an indirect fluorescent antibody test (IFAT, SRS−BiosChile) according to the manufacturer's recommendation. For growth on solid media, bacteria were streaked onto tryptone soy supplemented with ferric nitrate (AUSTRAL-TSFe) agar plates and incubated at 18°C for 10 d. Stock cultures were prepared from cells scraped off TSFe plates and resuspended in 1 ml of L-15 Leibovitz medium containing 20% fetal bovine serum (AUSTRAL-FBS) and 10% dimethyl sulphoxide (DMSO) and stored frozen at −80°C or in Criobille tubes (AES Lab).
Liquid culture medium
Initially, 110 different formulations were tested to evaluate the efficacy of growing the Piscirickettsia salmonis type strain. In these different media, formulations with several concentrations/combinations of marine broth, sodium chloride, triptone soy, Yeastolate, L-cysteine, ferric salt and hemoglobin were tested. Marine broth was obtained from Becton, Dickinson and Company, L-cysteine and Yeastolate from USBiological, and ferric nitrate from Merck. Only 2 formulations facilitated growth of P. salmonis, ATCC VR-1361 being one of them and AUSTRAL-SRS broth, which was the best medium. The composition and preparation of the AUSTRAL-SRS broth is presented in Appendix 1. To determine the optimal concentration of the 3 components, an independent study with each component was preliminary tested using L-cysteine concentrations of 1 to 50 g l -1 , and between 0.001 and 1 mM for ferric nitrate. The final pH of the medium was between 6.0 and 6.4 at room temperature. FBS is also a critical component and was added to a final concentration of 5% p/v.
Incorporation of Piscirickettsia salmonis into broth cultures
Five colonies grown on AUSTRAL-TSFe plates were used to prepare the starting inocula of all Piscirickettsia salmonis isolates. Bacterial suspensions were prepared in sterile AUSTRAL-SRS broth, and 2 ml aliquots were adjusted at 1.0 absorbance at 600 nm measured on a spectrophotometer. These aliquots were then inoculated into 100 ml Erlenmeyer flasks containing 20 ml culture medium, resulting in an initial bacterial concentration of 10 8 cells ml −1 as determined by direct microscopy count (equivalent to 10 7 colony-forming units [CFU] ml −1
). Control cultures were run simultaneously without the addition of bacteria. Incubation was carried out for 10 d at a controlled temperature of 18°C, with or without moderate agitation (50 rpm). The light regime used was 0 h light:24 h dark. The experiment was carried out in triplicate for each bacterial strain.
In order to examine whether Piscirickettsia salmonis can suffer a reduction in growth, a P. salmonis type strain was subjected to 6 serial passages using as inocula for each passage 2 ml aliquots obtained from the preceding bacterial culture after 6 d of incubation.
Evaluation of bacterial growth curves
To determine the growth of the Piscirickettsia salmonis strains, absorbance at 600 nm was recorded every 24 h, and at the same time the evolution of culturable cells in each flask was carried out by seeding serial diluted samples in L-15 medium with 10% FBS and placing them on AUSTRAL-TSFe agar plates followed by incubation at 18°C for 10 d. All plating was done in duplicate, and the number of viable bacterial cells in the broth culture was calculated from the dilution that yielded between 30 and 300 colonies on the agar plates.
Identification of Piscirickettsia salmonis by PCR
Samples (1 ml) from each broth culture were taken daily during the first week and colonies were collected and placed in 1.5 ml sterile tubes, which were then centrifuged at 12 000 × g for 5 min. Extraction of DNA from bacterial pellets was performed using InstaGene Matrix (Bio-Rad) according to the manufacturer's instructions. The concentration of each DNA sample was adjusted to 10 to 20 ng µl −1 , and 1 µl of each DNA solution was used in each amplification reaction. To confirm their designation as P. salmonis, all strains were tested using the primer pair RT1−RTS2 designed by Marshall et al. (1998) . The amplification cycles used for denaturation, primer annealing and extension were carried out according to a published PCR protocol (Marshall et al. 1998) . A positive result was indicated by the presence of an amplification product of 91 bp after electrophoresis through a 1.5% (w/v) agarose gel. All analyses were carried out with DNA obtained in 2 different extractions.
Analysis of cellular changes and surface components
To determine whether Piscirickettsia salmonis suffered cellular changes during the experimental period, samples of bacterial culture were visualised every day by light microscopy. Moreover, we analyzed the lipopolysaccharide (LPS) and membrane protein profiles due to possible changes in the component of the bacterial cell wall. LPSs from the cell envelopes were obtained by the Proteinase K (PK) method following the procedures of Hitchcock & Brown (1983) . Samples were examined by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli 1970), with 14% (w/v) acrylamide in the resolving gel and 4% (w/v) acrylamide in the stacking gel, and then silver stained following the procedure of Tsai & Frasch (1982) . The whole cell envelope proteins from the P. salmonis strains were prepared from bacterial culture grown in AUSTRAL-SRS broth as described by Pot et al. (1994) and examined by SDS-PAGE with 12% (w/v) acrylamide in the resolving gel and 4% (w/v) acrylamide in the stacking gel. Protein bands were stained with 0.05% Coomassie Brilliant Blue R (Sigma), photographed, and the relative mobilities of each were determined by comparison with standard protein markers.
Evaluating Piscirickettsia salmonis infectivity in vitro
The invasion assays were performed in salmon head kidney (SHK-1) cells cultured at 18°C in 24-well tissue culture plates. A concentration of 1 × 10 5 SHK 1 cells was inoculated into each well and grown in Leibovitz's L-15 medium supplemented with 10% SFB, 6 mM L-glutamine (Hyclone Laboratories) and 40 µM 2-mercaptoethanol (Gibco, Invitrogen Laboratories). One day after incubation, 1000 μl of P. salmonis suspension prepared in L-15 medium with 2% FBS (1 × 10 6 cells well −1
) were inoculated into each well containing the cell monolayers and incubated at 18°C for 9 d. Control cell cultures were run simultaneously without the addition of bacteria.
Possible differences in the permeability of the membrane in SHK-1 cells exposed to the Piscirickettsia salmonis were determined by evaluating the liberation level of the cytosolic enzyme lactate dehydrogenase (LDH) in the cell supernatant using the commercial LDH-P UV Assay (Wiener Lab) kit. In brief, samples of 1 ml of cell culture, taken daily, were centrifuged at 1600 rpm (176 × g) for 5 min, and the LDH liberation level in 20 µl of supernatant was obtained in accordance with the supplier's instructions. Absorbance at 340 nm was read after 30, 60, 120 and 180 s from the first reading. The average difference of the absorbance (ΔA min −1 ) was determined by subtracting each absorbance value from 2 replicates and averaging the LDH. The result was obtained using the equation: LDH (IU l −1 ) = ΔA min −1 × factor (8.095).
In addition, the morphology of the fish cell line was examined using a phase-contrast inverted microscope at 400 or 600× magnification.
Statistical analyses
The results were subjected to an analysis of variance (ANOVA; Sokal & Rohlf 1980) in order to compare growth among treatments with or without agitation and in control culture. An alpha value of p < 0.05 was used for all analysis.
RESULTS AND DISCUSSION
Before the liquid medium was used to culture all Piscirickettsia salmonis, a total of 110 specific marine or triptone soy broth formulations were screened by inoculating the P. salmonis type strain directly into each liquid medium. Only 2 of the 110 formulations tested showed growth at different levels, and the medium named AUSTRAL-SRS broth generated the better growth compared to the other media (Fig. 1) , while the remaining 108 formulations did not support the growth of this strain.
In each medium, the Piscirickettsia salmonis type strain was identified by PCR analysis and IFAT tests and confirmed by partial 16S rRNA gene sequencing (data not shown). AUSTRAL-SRS broth was selected as ideal candidate for further studies. According to the criteria described by McGann et al. (2010) , a liquid medium must induce rapid, high-density bacterial growth as measured by optical density (OD) at 600 nm and promote the efficient growth of low bacterial inocula.
When the growth curves of all Piscirickettsia salmonis were determined by measuring absorbance, the 3 strains grew well with and without moderate agitation ( Fig. 2A) . However, statistical analysis revealed a significant difference (p < 0.05) in the growth of all P. salmonis that were dependent on the movement of the broth culture. Maximum cell density was obtained with agitation (50 rpm), with 64.7% more than the density obtained in the static Erlenmeyer flasks after 6 d of incubation. In fact, the growth of P. salmonis with gentle shaking was characterised by a short lag phase (approximately 18 h) followed by rapid logarithmic growth, achieving a maximal OD of approximately 1.8 after 6 d of incubation. From this point on, growth remained nearly constant during the experimental period (10 d) at OD values of approximately 1.68.
It is important to point out that no difference was observed in the growth dynamics between the 2 Piscirickettsia salmonis isolates and the type strain, regardless of the number of replicates and the agitation condition, suggesting that in AUSTRAL-SRS broth, the behaviour of this bacterium is reproducible. In fact, when a serial passage experiment was carried out, the P. salmonis type strain displayed similar growth kinetics, regardless of the number of passages, reaching absorbance values between 1.7 and 1.8 (data not shown).
Although the Piscirickettsia salmonis strain grew on AUSTRAL-TSFe agar, poorly defined colonies were produced, leading to inaccuracies in estimations of the CFU concentration. Thus, the bacterial count showed that the number of culturable bacteria during the first 5 d decreased by 4 log-units from an initial inoculum of 10 7 CFU ml −1 (equivalent to 10 8 cells ml −1
). After this period, the number of culturable bacteria increased 2 log units of CFU ml −1 at the end of the experiment, allowing the detection of 10 5 P. salmonis CFU ml −1 (Fig. 2B) . Given that the persistence of culturable cells was lower than expected in correlation to absorbance values, we applied quantitative real-time PCR (qRT-PCR) designed by Karatas et al. (2008) (data not shown). A slight increase in the number of Piscirickettsia salmonis cells from the initial inoculum was determined during the first 6 d (data not shown). Then, 12 d after the beginning of the experiment, the qRT-PCR count showed that the number of bacteria increased by 1 log unit, reaching 7.3 × 10 9 cells. Therefore, P. salmonis lost its ability to grow on solid media, but retained viability in liquid media.
Despite the fact that the Piscirickettsia salmonis strains grew on specific enriched sheep blood agar prepared with cysteine (Mauel et al. 2008 as well as in the blood-free medium employed in this work, the efficiency of recovering P. salmonis from all media is not suitable for determing the concentration of the bacterium, mainly because bacterial growth is extremely slow. In fact, growth on solid media usually takes from 4 to 8 d for visible colonies to appear (Mauel et al. 2008 ). This disadvantage leads us to express the growth of P. salmonis in absorbance units or cells.
Microscopic observations under phase contrast of Piscirickettsia salmonis cultured into AUSTRAL-SRS broth did not reveal changes in the morphology and size of the bacteria, which appeared as Gram-negative cocci. An aliquot of each culture was observed under an epifluorescence microscope every day in order to confirm the presence of P. salmonis when exposed to a commercial rabbit fluorescein isothiocyanate (FITC)-conjugated anti-P. salmonis antibody. A strong and positive specific reaction was shown. As expected, liquid culture without the addition of P. salmonis did not yield any growth.
The result of the LPS profiling showed that all Chilean Piscirickettsia salmonis isolates and the type strain displayed a similar LPS pattern with a ladder of low molecular weight (LMW) O-antigen bands, but less abundant high molecular weight (HMW) species were present (Fig. 3A) , matching the typical profile of the P. salmonis species reported by Kuzyk et al. (1996) . These authors noted that silver staining of PKdigested P. salmonis revealed a ladder-like banding pattern of carbohydrates ranging from 16 to 35 kDa in size with a discrete band around 20 kDa and an intensely stained major band around 11 kDa. It is important to note that Kuzyk et al. (1996) , using rabbit polyclonal antibodies, recognized this band as an 11 kDa carbohydrate antigen corresponding to a lipooligosaccharide component of LPS, which was confirmed by other studies (Barnes et al. 1998 , Jamett et al. 2001 .
With regard to the analysis of whole cell envelope proteins, all Chilean Piscirickettsia salmonis strains presented a similar profile, displaying a considerable number of common bands between 116 and 25 kDa (Fig. 3B) . Similar results were reported by Barnes et al. (1998) , who noted that P. salmonis studied contained a large, apparently similar protein, with 5 major protein bands with molecular masses of 30, 42, 58, 70 and 105 kDa.
Adherence, invasion and intracellular replication in the host cells are important for pathogenesis by intracellular pathogens (Finlay & Falkow 1997 , Nobbs et al. 2009 . It is well known that Piscirickettsia salmonis replicates by binary fission within membrane-bound cytoplasmic vacuoles in cells of susceptible fish hosts or fish cell lines inducing a characteristic cytopathic effect (CPE; Fryer & Hedrick 2003) .
Many studies on Piscirickettsia salmonis consider that Chinook salmon embryo (CHSE-214) cells offer considerable advantages over other fish, insect and frog tissue culture cells. However, Birkbeck et al. (2004) showed that P. salmonis replicates in higher titers in an insect cell line than in the CHSE-214 cells that are normally used to culture the organism and that P. salmonis retains virulence for Atlantic salmon Salmo salar after repeated culture in insect cells. On the other hand, the tissue chosen for the isolation of P. salmonis during active infection in salmonids is kidney, and SHK-1 is a cell line from S. salar head kidney, which exhibits macrophage properties (Dannevig et al. 1997) .
Unpublished work in our laboratory has shown that Piscirickettsia salmonis strains produced CPE in CHSE-214 cells similar to that of SHK-1 cells, although the cell sheet was completely lysed 15 d post infection. Therefore, we decided to evaluate the effect of P. salmonis cells cultured in AUSTRAL-SRS broth into the SHK-1 cell line. Microscopic analysis revealed infectivity patterns similar to those reported by Olavarría et al. (2010) , who observed the CPE after 3 d post infection, and due to their growth conditions, the infection spread to neighboring cells with total degenerative changes occurring in the SHK-1 cell line after 5 d of incubation (Fig. 4B) . In addition, the CPE was accompanied by a significant increase in the level of LDH liberation in SHK-1 cells inoculated with Piscirickettsia salmonis from Day 2 to Day 5 of the study, when P. salmonis showed the greatest level of liberation owing to greater damage of the cell membrane (Fig. 4A ). After this, LDH analyses showed that the values declined very rapidly during the first 24 h, followed by a stabilization around 70 LDH IU l −1 until the end of the experiment. As expected for the monolayers not inoculated with Piscirickettsia salmonis isolates, negative results of the CPE test and LDH analysis were found. Further confirmation of the identity of P. salmonis isolates was made using the IFAT test.
Our results suggest that, in addition to having the capacity to establish the infectious cycle and overcome cell barriers, this bacterium may also have a greater replication index and consequently be able to liberate cells with an infective capacity similar to that of other fish pathogens (Ortega et al. 2011) . Therefore, the culture of the bacteria in broth medium does not affect the infective properties under in vitro conditions, but challenge experiments with fish are necessary to confirm that the Chilean isolates do cause the observed disease and fulfill Koch's postulates. Further studies are being done to confirm this hypothesis.
In conclusion, from a microbiological point of view, one of the major constraints on studies of Piscirickettsia salmonis is the ability to isolate different structural components (i.e. DNA, LPS and proteins) free of the host cell. We report for the first time the purification of DNA, LPS and membrane protein obtained from P. salmonis grown in a liquid medium, providing a suitable platform to simplify the preparation of P. salmonis cells for genetic and serological studies. Moreover, the results of the CPE test showed that P. salmonis grown in AUSTRAL-SRS broth maintain virulence and proteome properties, making this medium an excellent candidate for successful P. salmonis growth and a first-rate material for the development of low-cost vaccines as well as for monitoring antibiotic resistance. 
